Response surface methodology (RSM) and BoxBehnken design (BBD) were applied to experiment optimization of microwave drying zinc oxide leach residues (ZOLR). The effects of different factors involving temperature, drying time, material mass, material thickness and their interaction on moisture content and dehydration rate of ZOLR were investigated. Two second-order polynomial models for moisture content and dehydration rate of ZOLR were established by multivariate regression analysis. Analysis of variance shows that all independent variable and quadratic terms of the four factors have significant influence on moisture content and dehydration rate of ZOLR. The optimum drying conditions are as follows: temperature is 93.41°C, drying time is 15.9 min, sample mass is 77.91 g and material thickness is 17 mm. The predicted values of moisture content and dehydration rate were 10.98% and 1 g/min, which were close to experimental values 11 ± 0.03% and 1 ± 0.01 g/min under the optimal conditions. Infrared spectra analysis show that no chemical reactions took place in the process of microwave dying ZOLR and only a part of the absorbed water was removed in the sample.
Introduction
Zinc oxide leach residues (ZOLR) are classified as solid waste produced from the process of zinc hydrometallurgy.
Toxic elements such as lead, arsenic and cadmium, as well as metallic elements like zinc, indium and silver are contained in the residues [1] . After being stockpiled outside long-term and exposed to natural weathering and rain wash, the toxic elements permeate through soil and water, which will seriously pollute the surrounding environment and is harmful to the health and safety of humans [2] [3] [4] [5] . Because of a higher content of zinc, indium and silver, ZOLR is a kind of precious secondary resource. Consequently, harmless treatment of ZOLR must be conducted and increase the added value of zinc hydrometallurgy.
At present, the Waelz process, Ausmelt Technology and the Kivcet process are mainly used to deal with ZOLR and recovery of valuable metals [6] [7] [8] . Because moisture content of ZOLR is very high, the leach residues must be dried to lower moisture content in order to satisfy the needs of the recycling treatment technique. A rotary kiln, fluidized bed and tunnel kiln are usually applied to dry ZOLR. However, there are some disadvantages over these methods. Rotary kilns and tunnel kilns use gas, heavy oil or coal to provide heat, which have higher energy consumption, lower thermal efficiency and higher pollution [9, 10] . Fluidized beds also have some disadvantages such as uneven heating, high local temperature and a narrow application range [11] . ZOLR are a wet sticky material; the increase of zinc ion concentration and ferric hydroxide colloids are the main reason for the wet stickiness. The appearance of crusts on the surface of ZOLR will stop heat and mass transfer in the process of drying. The main advantages of microwave drying include a faster drying rate, a shorter drying time, lower energy consumption and heat and mass transfer in the same direction [12, 13] . Microwave drying is widely used in minerals, powders, food and wood [14] [15] [16] [17] . However, up to now, there has been no report on the research of microwave drying ZOLR.
Absorbing properties of ZOLR are lower compared to water [18] . Therefore, more energy is absorbed by moisture in the sample and reaches boiling point temperature while the ZOLR is kept at a lower temperature in the drying process. Energy saving and consumption reduction is realized because of the above reasons. So, microwave drying ZOLR has obvious advantages. The ionic mobility and ionic conduction increased with increased temperature, which led to the increase of dielectric constant [19] [20] [21] . For this reason, the absorbing properties of ZOLR increased with increased temperature. Sustainable microwave input will lead to high local temperature of the material [22, 23] . Microwave drying temperature should be limited to prevent a chemical reaction from taking place in ZOLR due to a high temperature. The present article mainly researches the relationship between microwave power, drying time, material mass and moisture content of material [24, 25] . However, there are few reports about the influence of thickness and moisture content on drying efficiency. Material thickness is a very important factor in design and optimization of a large-scale microwave drying system. Literature about the optimization of microwave drying of ZOLR using the response surface methodology (RSM) approach has not been reported.
The main objective of this paper is to estimate the influence of drying temperature, drying time, material mass and material thickness on moisture content and dehydration rate of ZOLR in the microwave drying process. A threelevel-four-variable Box-Behnken Design (BBD) was built to optimize the four variables on the two responses of moisture content and dehydration rate. Infrared spectra analysis was conducted to determine whether chemical reactions appeared in the process of microwave drying ZOLR.
Materials and methods

Materials and main equipment
ZOLR in this experiment was supplied by a smelting enterprise in Yunnan Province of China, and the moisture content was 28.97%. The chemical compositions of ZOLR were examined by ICP-OES (Agilent Technologies Inc., CA, USA) chemical composition analysis and X-ray diffraction analysis (Shimadzu, Japan). The main chemical components of ZOLR are listed in Table 1 , among which the contents of lead, sulfur and zinc are very high. Figure 1 shows the X-ray diffraction pattern of ZOLR; it can be seen that lead mainly exists in the form of PbSO 4 , PbS, while zinc exists mainly in the form of ZnFe 2 O 4 , ZnO.
The experiment equipment is box-type microwave drying equipment made by Key Laboratory of Unconventional Metallurgy, Ministry of Education, Kunming University of Science and Technology, Kunming, Yunnan, China. The microwave power is continuously adjustable between 0 W and 3000 W at a frequency of 2.45 GHz and the temperature is controllable. The schematic diagram of microwave drying equipment is shown in Figure 2 . The core components of the drying equipment include five parts: two magnetrons with numerical control device, cooling them with recycled water when they work. The cavity, length, width and height are 215 mm, 350 mm and 330 mm, respectively. The electronic balance can continuously record material mass loss. A thermocouple is used to monitor the change of temperature in the drying process. The glass tray is employed to contain material.
Experimental method
A certain quantity of ZOLR was weighed with an electronic balance at the beginning of the experiments and put on a glass tray. The loaded glass tray was put in the box-type microwave drying equipment. The thermocouple was attached to the center of the material and used to measure the temperature of it. Microwave power, temperature and drying time were set, then dehydration experiments were conducted. The moisture content and dehydration rate of ZOLR were calculated using the following Eqs. (1) and (2), respectively:
where: w t is the moisture content of the sample at any time t, %; m 0 is the initial mass of the sample, g; m t is the mass of the sample at any time t, g; and δ is the moisture content of the sample (wet base), 28.97%.
where: ν is dehydration rate, g/min; and Δ t is microwave drying time, min.
Experimental design
Microwave power was fixed at 1.5 kW and drying temperature controlled at under 110°C. The effects of drying temperature, drying time, material mass and material thickness on moisture content and dehydration rate of ZOLR were determined. The disadvantages of single-factor include not being able to reveal the interaction effects and optimization process among these variables [26] . Nevertheless, RSM is a process parameter optimization method and integration of mathematical methods and statistical analysis [27] , which is widely used in the fields of chemical industry, biology, medical science and metallurgy [28] [29] [30] [31] . Design-Expert 8.0 software (America SE Company) was used as optimization design software. The optimal experiment was based on the RSM of BBD, and the proper range of these variables included drying temperature (X 1 ), drying time (X 2 ), material mass (X 3 ) and material thickness (X 4 ). Moisture content (Y 1 ) and dehydration rate (Y 2 ) of ZOLR were regarded as the response value. The interrelationship between response values (Y 1 , Y 2 ) and the experimental elements (X 1 , X 2 , X 3 , X 4 ) were worked out by Eq. (3) [32, 33] :
where Y was the response function, β 0 was a constant, β i , β ii and β ij were the linear, quadratic and interactive coefficients, respectively, X i was the coded levels of independent variables and X i X j and X j 2 represented the interaction and quadratic terms, respectively.
Results and discussion
Effect of temperature on moisture content and dehydration rate
In order to study the effect of temperature on moisture content and dehydration rate of ZOLR, other experimental variables were set as follows: ZOLR was 60 g, material thickness was 10 mm and microwave drying time was 15 min. The effects of temperature on moisture content and dehydration rate of the sample are shown in Figure 3 . The moisture content had an obvious tendency to decline with increasing temperature. The decline rate was very fast between 70°C and 90°C, and it was comparatively slow between 90°C and 110°C. The moisture content of the sample was 5.35% at 90°C. The dehydration rate increased with increased temperature. The dehydration rate increased rapidly between 70°C and 90°C, while it increased slowly between 90°C and 110°C. The dehydration rates were, respectively, 1.00 g/min and 1.13 g/min at 90°C and 110°C. Therefore, 90°C was chosen as the center point of temperature for further RSM experiments.
Effect of drying time on moisture content and dehydration rate
In order to study the effect of drying time on moisture content and dehydration rate of ZOLR, other experimental variables were set as follows: ZOLR was 60 g, material thickness was 10 mm and drying temperature was 90°C.
The effects of drying time on moisture content and dehydration rate of the sample are shown in Figure 4 . The moisture content and dehydration rate decreased synchronously with increased drying time. The moisture content decreased quickly between 5 min and 20 min, while the decline speed slowdown between 20 min and 25 min. The moisture content declined to 2.48% in 20 min. The dehydration rate was comparatively fast between 5 min and 15 min, and was moderate from 15 min to 25 min. Consideration of higher dehydration rate, 15 min was selected as the center point of drying time for further RSM experiment.
Effect of mass on moisture content and dehydration rate
In order to study the effect of mass on moisture content and dehydration rate of ZOLR, other experimental variables were set as follows: temperature was 90°C, drying time was 15 min and material thickness was 10 mm. The effects of sample mass on moisture content and dehydration rate of the sample are shown in Figure 5 . The moisture content and dehydration rate increased synchronously with increased material mass. The moisture content increased slowly when the material weights were between 60 g and 90 g. The moisture content increased comparatively quickly when the material weights were between 90 g and 100 g. The moisture content was 8.37% when the material weight was 100 g. The dehydration rate increased in a straight line when the material weights were between 70 g and 90 g and increased slowly when the material weights were between 90 g and 100 g. Dehydration rate was 1.11 g/min when the material mass was 90 g. In comprehensive consideration of lower energy consumption and higher dehydration rate, material masses were selected between 70 g and 90 g.
Effect of material thickness on moisture content and dehydration rate
In order to study the effect of material thickness on moisture content and dehydration rate of ZOLR, other experimental variables were set as follows: temperature was 90°C, drying time was 15 min and material mass was 80 g. The effects of material thickness on moisture content and dehydration rate of the samples are shown in Figure 6 . The moisture content increased with increased material thickness of the sample. The moisture content increased comparatively quickly when material thickness was between 10 mm and 20 mm. The moisture content increased slowly when material thickness was between 20 mm and 30 mm, and the moisture content was 17.35% when material thickness was 20 mm. The dehydration rate decreased with increased material thickness of the sample. The dehydration rate decreased quickly when thickness was between 10 mm and 20 mm, and rather slow when thickness was between 20 mm and 30 mm. Consequently, material thickness should be selected between 10 mm and 20 mm. 
Optimization of microwave drying parameters 3.5.1 Development of a regression model
Based on the single-factor experiment, the proper ranges of the drying variables including temperature (X 1 ), drying time (X 2 ), material mass (X 3 ) and material thickness (X 4 ) were determined. Then, a three-level-four-factor BBD was applied to determine the best combination of drying variables for ZOLR. The factor level and code can be seen in Table 2 . Twenty-nine designed experiments in the current BBD are shown in Table 3 , and five replicate experiments at the center of the design were evaluated by a pure error sum of squares.
By exert multiple regression analysis on the experiment data, the drying variables and response variables were related by the following second-order polynomial Eqs. (4) and (5) 
The analysis of variance results for moisture content [Eq. (4)] and dehydration rate [Equation (5) ] are shown in Tables 4 and 5 , respectively. The p value was used to estimate the significance of the model and regression coefficient. The model term and regression coefficient are significant if the p value was no more than 0.05 [34] . In Eq. (4), dehydration rate are smaller than 0.0001 (Tables 4 and  5 ) which indicate these models are highly significant. The determination coefficient (R 2 ) was used to explain the relationship between actual values and predicted values [35] . The determination coefficients of the two models are all close to 1 (Tables 4 and 5 ), which means that these models can be used to accurately predict moisture content and dehydration rate of ZOLR in microwave drying.
Effects of process variables on moisture content
In order to better visualize the interaction of the statistically significant factors from the statistical analysis, a three-dimensional response surface plot for the effects of the statistically significant factors on moisture content of ZOLR is shown in Figure 7 . This type of plot was used to show interaction effects of two factors on the response values at one time, while another two factors were kept at zero coded level. The second-order effect of drying temperature, drying time, material mass and material thickness are clearly observed in Figure 7 . Figure 7A represents the interaction effects of temperature and mass on moisture content of ZOLR. The moisture content decreased with increased temperature and increased with increased mass. Under the interaction of temperature and mass, moisture content of the samples showed a trend to decline in microwave drying. The effect of temperature on moisture content seems to be more significant than mass based on the slope of the surface plot, which also can be demonstrated by higher F-value of mass in Table 4 . With increased temperature and evaporation of surface moisture, larger gradients of temperature and steam pressure were formed between the center layer and surface of the material which speed up water gasification. Consequently, the moisture content of the sample decreased. Figure 7B represents the interaction effects of drying time and mass on moisture content of ZOLR. The moisture content decreased with increased drying time and increased with increased mass. Under the interaction of drying time and mass, moisture content of the sample took on a declining trend in microwave drying. Both the slope of the surface plot and the F-value in Table 4 show that drying time has more significant influence on moisture content than mass. With increased drying time, more microwave energy was absorbed by the sample, and the more moisture was removed, less moisture was left in the sample. Figure 7C represents the interaction effects of drying time and material thickness on moisture content of ZOLR. The moisture content decreased with increased drying time and increased with increased thickness. Under the interaction of drying time and material thickness, moisture content of the sample took on increased trend in microwave drying. Both the slope of the surface plot and the F-value in Table 4 show that material thickness has a more significant influence on moisture content than drying time. This is because with the increased material thickness, microwave energy absorbed by the sample also ceased which resulted in decreased gradients of temperature and steam pressure. Meanwhile, transmission time of water increased from inside to outside of the sample; in unit time the dehydration decreased which can account for the increased moisture content of the sample. Figure 8 shows a three-dimensional response surface plot for the effects of statistically significant factors on dehydration rate of ZOLR. The second-order effects of drying temperature, drying time, material mass and material thickness are also clearly observed in Figure 8 . Figure 8A represents the interaction effects of temperature and drying time on dehydration rate of ZOLR. The dehydration rate increased with increased temperature and slightly decreased with increased drying time. Under the interaction of temperature and drying time, dehydration rate of the sample took on a trend to increase in microwave drying. Both the slope of the surface plot and the F-value in Table 5 show that temperature has a more significant influence on dehydration rate than drying time. With increased temperature, more heat energy was absorbed by moisture in the sample and reached boiling point temperature rapidly. Meanwhile, the diffusion ratio of moisture from internal to surface of the sample was accelerated. Figure 8B represents the interaction effects of drying time and mass on the dehydration rate of ZOLR. The dehydration rate decreased with increased drying time and slightly increased with increased mass. Under the interaction of drying time and mass, dehydration rate of the sample had a trend to decrease in microwave drying. The F-value in Table 5 shows that drying time has a more significant influence on dehydration rate than mass. The mixture of water and sand-like are usually classified into three layers: the free water layer, the hygroscopic water layer and the capillary water layer [36] . In the latter stages of drying, the mobility of water decreased with decreased free water, which resulted in decreased dehydration rate. Figure 8C represents the interaction effects of material thickness and mass on dehydration rate of ZOLR. The dehydration rate slightly increased with increased mass and decreased with increased thickness. Under the interaction of material thickness and mass, dehydration rate of the sample showed a trend to decrease in microwave drying. Both the slope of the surface plot and the F-value in Table 5 show that material thickness has a more significant influence on dehydration rate than mass. With increased thickness, microwave energy absorbed by the sample was mainly used to raise temperature of its own. The sample entered a falling rate period of drying.
Effects of process variables on dehydration rate
Parameter optimization and validation
In order to get the desired moisture content as well as keeping a higher dehydration rate of ZOLR in microwave drying, the optimum drying parameters for microwave drying ZOLR were obtained from Design-Expert 8.0 software and presented as follows: temperature was 93.41°C, drying time was 15.9 min, sample mass was 77.91 g and material thickness was 17 mm (Table 6 ). Under the optimum conditions, the predicted data of moisture content and dehydration rate were 10.98% and 1 g/min, while the experimental values were 11 ± 0.03% and 1 ± 0.01 g/min (n = 5), respectively. The difference between the actual value and the predicted value was not significant (p > 0.05), which indicates that these models are adequate for the drying process. Figure 9 shows the comparison of infrared spectra (Shimadzu, Japan) of the ZOLR before and after microwave drying.
Infrared spectrum analysis
The infrared spectrum was used to validate the effect of microwave drying on ZOLR. The absorption peak and the molecule bending-stretching vibration frequency of water appear near 1640 cm − 1 and 3400 cm − 1 , respectively [37, 38] . The absorption peak decreased near 3400 cm − 1 which means that a part of the adsorbed water in the sample had been removed. We found that the absorption peak of crystal water (near 1640 cm − 1 ) remains the same, which means that some crystal water was contained in the dried ZOLR. Other absorption peaks were not changed in the infrared spectra, so we can conclude that there is no chemical reaction during the process of microwave drying ZOLR under controlled temperature. The infrared spectrum analysis further proved feasibility of microwave drying ZOLR.
Conclusions
Based on the single-factor experiment, RSM was applied to optimize the experiments of microwave drying ZOLR. The analysis of variance results showed that temperature, drying time, material mass, material thickness and quadratic terms of process parameters all had significant effects on moisture content and dehydration rate of ZOLR. The confirmed experimental optimum conditions for the ZOLR were as follows: temperature 93.41°C, drying time 15.9 min, sample mass 77.91 g, material thickness 17 mm and predicted values of moisture content and dehydration rate were 10.98% and 1 g/min. Under the optimum conditions, the experimental values are 11 ± 0.03% and 1 ± 0.01 g/min, Figure 9 : The comparison of infrared spectrum of zinc oxide leach residues before and after drying.
respectively. The predicted values are very close to the experimental values.
The infrared spectrum of ZOLR shows that it is feasible to use microwave drying ZOLR. Only some absorbed water was removed and no chemical reaction was caused in the process of microwave drying ZOLR under temperature control.
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